Studies show that cracked teeth are the third most common cause for tooth loss in industrialized countries. If detected early and accurately, patients can retain their teeth for a longer time. Most cracks are not detected early because of the discontinuous symptoms and lack of good diagnostic tools. Currently used imaging modalities like Cone Beam Computed Tomography (CBCT) and intraoral radiography often have low sensitivity and do not show cracks clearly. This paper introduces a novel method that can detect, quantify, and localize cracks automatically in high resolution CBCT (hr-CBCT) scans of teeth using steerable wavelets and learning methods. These initial results were created using hr-CBCT scans of a set of healthy teeth and of teeth with simulated longitudinal cracks. The cracks were simulated using multiple orientations. The crack detection was trained on the most significant wavelet coefficients at each scale using a bagged classifier of Support Vector Machines. Our results show high discriminative specificity and sensitivity of this method. The framework aims to be automatic, reproducible, and open-source. Future work will focus on the clinical validation of the proposed techniques on different types of cracks ex-vivo. We believe that this work will ultimately lead to improved tracking and detection of cracks allowing for longer lasting healthy teeth.
INTRODUCTION
Epidemiologic studies report that cracked teeth are the third most common cause for tooth loss in industrialized countries. [1] Histological studies demonstrate that all cracks are colonized by bacteria, which have the potential to cause pulpal and periapical disease. [2, 3] Pain associated with these diseases is intense and is the most common reason for seeking emergency dental care. [4, 5] Five types of longitudinal fractures have been identified. From least to most severe, these are: 1) craze line; 2) fractured cusp; 3) cracked tooth; 4) split tooth (see figure 1) ; and 5) vertical root fracture (VRF) [6, 7] . Cracked teeth present a complex, diagnostic dilemma. They may present with sharp pain on biting, cold sensitivity or deep probing depths. [8, 9] The symptoms are often discontinuous with periods of remission. If left undetected, cracks continue to progress and ultimately result in tooth loss. Early and accurate detection of cracks will reduce the pain and suffering experienced by patients and help them retain their teeth longer. Available clinical tools used to detect cracks have limitations and often cannot determine the extent of the crack.
Imaging modalities used to detect cracks include conventional intraoral radiography and Cone Beam Computed Tomography (CBCT). The accuracy of both modalities for the detection of cracks remains low because the diagnosis depends ultimately upon scanner resolution, crack orientation and the observers' interpretation. [10] Thus, there is an imperative need to develop an objective, automated and reliable method to detect cracks and their extent that does not solely rely on the observer's clinical observations and radiographic interpretation of an image.
The purpose of this paper is to develop reliable, reproducible and automatic techniques for the detection and quantification of cracks using high-resolution CBCT (hr-CBCT) imaging. Recent developments on hr-CBCT scanners and imaging protocols with a small field of view and isotropic voxels with sub-millimeter resolution have the potential to allow clinically viable quantitative assessments of tooth pathology with reduced effective radiation doses. [11] Furthermore, our preliminary work demonstrates that an advanced image analysis method called 3D Steerable Wavelets [12] can be used to automatically detect and quantify cracks in teeth from hr-CBCT data. (Steerable wavelets are mathematical tools used in digital signal processing that can be "steered" in any direction). This technique can perform a multiscale analysis of a signal. The spatial resolution of wavelets can be modulated, retaining more 3D information from the original image.
We believe that hr-CBCT combined with advanced quantitative image analysis has the potential to accurately, objectively and automatically measure cracks.
MATERIALS
We have performed preliminary data analysis using the proposed method on synthetic data [13] . A set of 6 healthy second molars obtained from hr-CBCT scans were analyzed. These scans were collected using the Kodak Carestream 9000 scanner with the parameters FOV: 37.5 x 50 mm, 90 kVp, 12 mA and a 0.085 mm isotropic voxel size. Specifically, the hr-CBCT isotropic resolution used in this study (0.085mm) provides superior visualization of fine radicular and filament-like structures with radiation dose much lower than conventional CT exams. This resolution will also minimize the partial volume effects, and will be able to detect cracks with sub-mm accuracy. The ability of hr-CBCT to generate reconstructions of complex 3D pathology will help reconstructing any fracture orientation, without any concern about alignment of the entire fracture to a single X-ray projection. We plan to use the high resolution with a small FOV (3.75 cm x 5 cm) that delivers an effective dose of 56 μSv [11] . Relevant anatomy of the teeth was segmented using 3DSlicer[16] Segment Editor [17] . We performed intensity based segmentation and refined that segmentation using smoothing, morphological operators and filtering. We We then the absol case, see progress, they result in pulpal and periapical disease, which often necessitates root canal treatment and full coverage restoration or extraction. Given the lack of accurate diagnostics to determine the extent of the crack and the substantial cost of the treatments involved, many patients choose to have their teeth extracted. Even for those patients who can afford root canal treatment and subsequent full coverage restoration, the prognosis remains uncertain.
In this paper we present a novel technique based on an innovative use of Isotropic Wavelets, which is aimed to accurately detect the presence and extent of cracks in teeth in any location and orientation. There are some clear influences of image quality on the results of the algorithm proposed. Resolution wise, our framework relies on the use of new hr-CBCT systems including sub-mm accuracy resolutions and small field of view set ups to generate the input data necessary for the analysis. A recent position statement jointly issued by the American Association of Endodontists and the Academy of Oral and Maxillofacial Radiology recommends the use of small field of view (FOV) CBCT as the imaging modality of choice for diagnosis in patients who present with contradictory or non-specific signs and symptoms including suspicion of cracked teeth [29] . This may lead to a more widely adoption of this technology. We do not expect to experience a huge influence from scatter noise due to the underlying design of the analysis methodology. 3D steerable wavelets differentiate between high frequency and low frequency components in an image and due to that property they have been used as noise reduction methods for years. However, we expect beam-hardening artifacts [30] to cause challenges for the proposed algorithm during the clinical validation of this project (Phase II). Beam-hardening artifacts occur in the presence of radiopaque root canal obturation and other radiopaque restorative materials. Cracks often occur in teeth with long-standing restorations. Algorithmic correction during reconstruction is one correction route for these defects [31, 32] , but post-reconstruction correction is also common, especially in CT. Artifacts have been corrected in CT using different analytical approaches such as morphological operations [33, 34] , level set methods, registration [34] or, geometrical methods [35] . Specifically, geometrical methods have been successful in the past to trace the artifact rays. Once the artifact rays, usually straight lines, have been detected, it is easy to interpolate from the surrounding tissue type via majority voting in order to reconstruct the underlying anatomy. Post-processing algorithms such as this one will be performed to all images prior to the application of our crack detection algorithm.
While cracks are not the only cause for tooth loss, the proposed analytical framework is relevant to public health because the early detection and timely intervention will help prevent tooth loss and maintain oral health and function in our aging population while reducing the pain and suffering associated with cracked teeth.
Future work will focus on the clinical validation of the proposed methodology on different types of cracks exvivo and to couple the wavelet backbone with functions to study directionality. We believe this work will ultimately lead to better preventive strategies and improved tracking of the progression of cracks. The ability to relate treatment choices with clinical outcomes for teeth with cracks will lead to targeted interventions and better clinical outcomes.
